DNA is an important cellular receptor, many chemicals exert their antitumor effects through binding to DNA thereby changing the replication of DNA and inhibiting the growth of tumor cells. 1, 2) Then discussing the mechanism of compounds binding to DNA possesses significant meanings. As well-known to all of us, the interaction of small molecular ligands and its transition metal complexes with DNA has been the main subject of intense investigations for almost half of a century.
It has been proposed that reactive oxygen species (ROS) are involved in the pathogeneses of various diseases, such as lifestyle-related diseases including hypertension 7) and photoaging due to exposure to ultraviolet radiation. 8) Free radicals are species that contain unpaired electrons. In the human body, superoxide and hydroxyl radicals are produced by the reduction of oxygen. 9) Over production of free radicals is considered to be the main contributor to oxidative stress. The oxygen radicals may induce some oxidative damages to biomolecules such as carbohydrates, proteins, lipids, and DNA, thus accelerating aging, cancer, cardiovascular diseases, inflammation and so on. 10) Flavonoids are a large group of phenolic plant constituents. They are broadly distributed in vascular plants and responsible for most of the colors in nature. 11) To date, more than 6000 flavonoids have already been identified, although only a smallar number is important from a dietary point of view. 12) Recently, flavonoids receive considerable attention in the literature, mainly because of their biological and physiological importance. 13) They are potentially antioxidant, antibacterial, anticancer, anti-inflammatory and antiallergenic agents since they stimulate or inhibit a wide variety of enzyme systems as pharmacological agents. [14] [15] [16] [17] Naringenin (4Ј,5,7-trihydroxyflavanone) is one of the lesser-known flavonoids except for its use as antibacterial and anticancer agents. 18) It is a flavanone compound that alters critical cellular processes such as cell multiplication, glucose uptake, and mitochondrial activity. 19) Many transition metals, such as copper, zinc and nickel, are important trace metals in human body. In order to gain more knowledge on naringenin, a new ligand, (1,2-di(4Ј-iminonaringenin)ethane, H 6 L) and its three transition metal complexes were synthesized. The interactions of the ligand and complexes with calf thymus DNA (CT DNA) using absorption spectroscopy, fluorescence spectroscopy, ethidium bromide(EB) displacement experiments, and viscosity measurement were studied for the first time. The antioxidative activity of the ligand and its transition metal complexes was also investigated. Information obtained from present work will be useful to understand the mechanism of interactions of the ligand and complexes with CT DNA and helpful in the development of drugs for curing some diseases.
Experimental
Materials Nitroblue tetrazolium (NBT), methionine (MET), vitamin B 2 (VitB 2 ), CT DNA and EB were purchased from Sigma Chemical Co. Ethylenediaminetetraaceticacid (EDTA), triethylamine, acetic acid, naringenin, M(NO 3 ) 2 · nH 2 O [MϭCu(II), nϭ3; Zn(II), nϭ6; Ni(II), nϭ6] were produced in China. All chemicals used were of analytical grade. EDTA-Fe(II) and KH 2 PO 4 -K 2 HPO 4 buffers were prepared with doubly deionized water.
All the experiments involved with the interaction of the complexes with CT DNA were carried out in doubly distilled water buffer. The water buffer was produced by mixing 5 mM Tris [Tris(hydroxymethyl)-aminomethane] and 50 mM NaCl with deionized water and adjusted to pH 7.1 with hydrochloric acid. The solution of CT DNA in the buffer gave a ratio of UV absorbance of about 1.8-1.9 : 1 at 260 and 280 nm, which indicated that the CT DNA was sufficiently free of protein. 20) The CT DNA concentration per nucleotide was determined spectrophotometrically by employing an extinction coefficient of 6600 M Ϫ1 cm Ϫ1 at 260 nm. 21) The complexes were dissolved in a solvent mixture of 1% N,N-dimethylformamide (DMF) and 99% tris-HCl buffer (5 mM tris-HCl, 50 mM NaCl, pH 7.1) at the concentration 1.0ϫ10
Physical Measurements Elemental analyses (C, H, N) were carried out on an Elemental Vario EL analyzer. The metal contents of the complexes were determined by titration with EDTA. The melting point of the com-pounds were determined on a Beijing XT4-100X microscopic melting point apparatus. The IR spectra were obtained in KBr discs on a Therrno Mattson FTIR spectrophotometer in the 4000-400 cm Ϫ1 region. 1 H-NMR spectra were recorded on a Varian VR 200-MHz spectrometer in DMSO-d 6 with TMS (tetramethylsilane) as internal standard. Mass spectra were performed on a APEX II FT-ICR MS instrument using methanol as mobile phase. Conductivity measurements were performed in DMF with a DDS-11C conductometer at 25.0°C. The UV-vis spectra of the compounds (DMF solution) were recorded on a Varian Cary 100 Cone spectrophotometer. Fluorescence measurements were recorded on a Hitachi RF-4500 spectrofluorophotometer. The absorbance was performed in DMF with a 721-E spectrophotometer in measuring the antioxidative activity of the compounds. Absorption titration experiments were performed with fixed concentration drugs (10 mM), while gradually increasing the concentration of CT DNA. When measuring the absorption spectra, an equal amount of CT DNA was added to both the complex solutions and the reference solution to eliminate the absorbance of CT DNA itself. Each sample solution was scanned in the range 230-400 nm. For all the fluorescence measurements, the entrance and exit slits were both maintained at 10.0 nm. Fixed amounts (10 mM) of the complex 1 were titrated with increasing amounts of CT DNA, over a range of CT DNA concentrations from 0.01 to 0.10 mM. An excitation wavelength of 363 nm was used and the emission intensity was monitored at 437 nm. All the experiments were conducted at 20.0°C in a buffer containing 5 mM tris-HCl (pH 7.1) and 50 mM NaCl. Each sample solution was scanned in the range 350-500 nm. Viscosity experiments were conducted on an Ubbelodhe viscometer, immersed in a thermostated water-bath maintained to 25.0°C. Titrations were performed for the Cu(II), Zn(II) and Ni(II) complexes (0.5-3 mM), and each compound was introduced into a CT DNA solution (5 mM) present in the viscometer. Data were presented as (h/h 0 ) 1/3 versus the ratio of the concentration of the compound and CT DNA, where h is the viscosity of CT DNA in the presence of the compound and h 0 is the viscosity of CT DNA alone. Viscosity values were calculated from the observed flow time of CT DNA containing solution corrected from the flow time of buffer alone (t 0 ), hϭtϪt 0 . 22, 23) Preparation of the Ligand (H 6 L) As seen from Fig. 1 , a quantity of naringenin (5.9 g, 22 mmol) was dissolved in ethanol (50 cm 3 ), and then ethylenediamine (0.6 g, 10 mmol) was added dropwise. After 10 min, acetic acid was also added in this solution and the whole was refluxed on an oil bath for one day with stirring. Then the solution became yellow. After cooling and concentrating, a yellow solid separated out. The yellow precipitate was fitered, washed with alcohol, and recrystallized from DMF and H 2 O to give the ligand (yield 85%); mp 312-313°C. The chemical structure of the ligand is shown in Fig. 1 . 
Preparation of the Complexes
The ligand (56.8 mg, 0.1 mmol) was dissolved in ethanol (20 ml) and Cu(NO 3 ) 2 · 3H 2 O (24.5 mg, 0.1 mmol) was then added. After 5 min, triethylamine (20.2 mg, 0.2 mmol) was added and the solution was stirred for one day at room temperature. Then a brown precipitate, Cu complex (1) was separated by suction filtration. It was purified by washing six times with ethanol, and dried for 48 h in vacuum. The Zn(II) complex (2) and Ni(II) complex (3) were also synthesized as the above method.
Complex (1) 
Results and Discussion
Characterization of Complexes The complexes are air stable for at least six months and easily soluble in DMF and DMSO; slightly soluble in acetone, chloroform, methanol and ethanol; insoluble in benzene, water and diethyl ether. The molar conductance values of the complexes are in the range of 1.2-4.3 S cm 2 mol Ϫ1 in DMF, which show that all the complexes are non-electrolytes in DMF. 24) The element analyses show that the formulas for the complexes are H 4 ML (MϭCu, Zn, and Ni).
IR spectra provide a quantity of valuable information on coordination reaction. All the spectra are characterized by vibrational bands mainly due to the OH and CϭN. The n (O-H) for the ligand appears at 3354 cm
Ϫ1
, and this peak for the complexes shifts at 3270 cm Ϫ1 or so. The n (CϭN) vibration of the free ligand is at 1594 cm
. For the complexes, the bands occur at 1585 cm Ϫ1 or so, which makes a shift towards lower frequency by 9 cm
. It shows that the nitrogen atom takes part in the coordination. 25) Weak bands at 490 cm Ϫ1 or so are assigned to n (M-N). It comfirms that the nitrogen atom of the imino-group bands to metal ion. Concerning the complexes, the band at 598 cm Ϫ1 or so is assigned to n (M-O), demonstrating that the oxygen of hydroxyl group has formed a coordinative bond with metal ion. [26] [27] [28] On the basis of all these data, the likely structure of the complexes is shown in Fig. 2 .
Electrospray ionization (ESI) mass spectrum of the Cu(II) complex (1) is shown in Fig. 3 and the proposed degradation of the Cu(II) complex (1) that could be explained on the basis of the fragmentation pattern is displayed in Fig. 4 Electronic Absorption Spectroscopy Electronic absorption spectroscopy is widely applied to determine the binding characteristics of metal complex with DNA. Intercalative mode of binding usually results in hypochromism and red shift because of the strong stacking interaction between an aromatic chromophore and the base pairs of DNA. The extent of the spectral change is related to the strength of binding. 29) For complex 1, with the increase of DNA concentration, hypochromism reaches 12.5% at 243 nm and 19.3% at 314 nm. Complex 2 also appears with different hypochromism of 23.2% at 240 nm and 41.2% at 316 nm. The complex 3 exhibites hypochromism of 15.6% at 345 nm snd 25.1% at 265 nm, respectively. Likewise, with the increase of DNA concentrations, the absorption bands at 237 nm and 320 nm for the ligand appear with hypochromism of 10.8% and 7.9%, respectively. Accompanied with hypochromisms, the bands of the four compounds are all gotten a small red shift by less than 3 nm. The above phenomena suggest that these compounds can interact with CT DNA by intercalating the compounds into the base pairs of the double helical DNA. [30] [31] [32] To compare quantitatively the affinity of these four compounds binding to DNA, K b has been estimated. From absorption data, K b was determined by using the following equation through a plot of [ 38) From the data, we deduce that these compounds can bind to DNA by intercalation. The values of K b also indicate that the binding strength of complex 1 is stronger than those ones of ligand and the other two complexes.
Fluorescence Spectra The free ligand and complex 1, 2 and 3 can emit weak luminescence in Tris buffer with a maximun wavelength of about 450 nm. The enhancements in the emission intensity of complex 2 with increasing CT DNA concentrations are shown in Fig. 6 . As seen from Fig. 6 , the intensity of emission at 440 nm increases notably in the presence of CT DNA. For complex 1, 2, 3 and free ligand, the emission intensities of the four compounds grow to around 1.25, 1.23, 1.21, and 1.17 times larger, respectively, than those in the absence of DNA.
The enhancements of emission intensity imply that these Vol. 56, No. 11 (1) compounds can insert between DNA base pair. As a result, these compounds are protected from solvent water molecules by the hydrophobic environment inside the DNA helix; the accessibility of solvent water molecules to these compounds is reduced. The binding of these four compounds to DNA leading to a marked increase in emission intensity also agrees with those observed for other intercalators. 39) Compared to the intensity enhancement of these compounds in the presence of DNA, complex 1 can bind to DNA more strongly than complex 2, 3 and the ligand.
Further support for the ligand and complexes binding to DNA via intercalation is given through the emission quenching experiment. EB is a common fluorescent probe for DNA structure and has been employed in examinations of the mode and process of metal complex binding to DNA. 40 ) A 2.5 ml solution of 4 mM DNA and 0.32 mM EB was titrated by 5-50 mM the complexess and ligand. Quenching data were analyzed according to the Stern-Volmer equation, which could be used to determine the fluorescent quenching mechanism:
where F o and F are the fluorescence intensity in the absence and in the presence of drug at [Q] concentration respectively; K q is the quenching constant and [Q] is the quencher concentration. Plots of F o /F versus [Q] appear to be linear and K q depends on temperature. 41) It is well known that EB can intercalate nonspecifically into DNA which causes it to fluoresce strongly and the fluorescence-based competition technique can provide indirect evidence for the DNA binding mode. The emission band of the DNA-EB system decreased in intensity with an increase of the compounds concentrations, which indicated that the compounds can displace EB from DNA-EB system. From  Fig. 7 respectively. The data show that the interaction of the complexes is stronger than that of the ligand, which is consistent with the above absorption spectral results. It can be concluded that the complexes and free ligand insert into DNA by intercalation. Viscosity Measurement In order to further clarify the interactions between the compounds and DNA, viscosity measurements were carried into execution. Hydrodynamic measurements that are sensitive to length change (i.e. viscosity and sedimentation) are regarded as the least ambiguous and the most critical tests of binding in solution in the absence of crystallographic structural data. 42) Figure 8 shows the relative viscosity of DNA (30 mM) in the presence of varied amounts of the ligand and its three transition metal complexes. Viscosity experimental results clearly show that all the compounds can intercalate between adjacent DNA base pairs, causing an extension in the helix, and thus increase the viscosity of DNA 43) ; and the Cu(II) complex can intercalate more strongly and deeply than the free ligand, leading to the greater increase in viscosity of the DNA with an increasing concentration of complex. The results obtained from viscosity studies are consistent with those obtained from spectro- ), phosphate buffer solution (0.067 mol l Ϫ1 ), and the tested compound (the final concentration: C i (iϭ1-5) ϭ0.4, 1.0, 2.0, 4.0, 6.0 mM). After incubating at 30°C for 10 min and illuminating with a fluorescent lamp for 3 min, the absorbance (A i ) of the samples were measured at 560 nm. The sample without the tested compound and avoiding light was used as the control. The suppression ratio for O 2 Ϫ· was calculated from the following expression:
where A i ϭthe absorbance in the presence of the ligand or its complexes, A 0 ϭthe absorbance in the absence of the ligand or its complexes. Figure 9 and Table 1 depict the inhibitory effect of the compounds on O 2
Ϫ·
. The average suppression ratio for O 2 Ϫ· increases with the increase of the compound concentration in the range of tested concentration. The average suppression ratio of the ligand (IC 50 ϭ14.969 mM) is the least in all the compounds. The Cu(II) complex (1) (IC 50 ϭ1.568 mM) is the most effective inhibitor in these complexes, whereas the Zn(II) complex (2) is the poorest one. The improvement of the nickel complex on the antioxidative properties of the naringenin schiff base ligand may be explained by the redox behavior of the metal. The average suppression ratio of the metal salts is weaker than that of the corresponding com- , experimental data points of the ligand; ᭹, experimental data points of Cu(II) complex; ᭢, experimental data points of Zn(II) complex; ᭡, experimental data points of Ni(II) complex. 
plexes. It is clear that the scavenger effect on O 2
Ϫ· can be enhanced by the formation of metal-ligand complexes and the metal ions also affect the ability. Due to their lower values of IC 50 , they are potential drugs to eliminate the radicals.
Hydroxy Radical Scavenging Activity The hydroxyl radical in aqueous media was generated through the Fenton reaction.
45) The solution of the tested compound was prepared with DMF. The sample contained 2.5 ml of 0.15 M phosphate buffer (pHϭ7.4), 0.5 ml of 114 mM safranin, 1 ml of 945 mM EDTA-Fe(II), 1 ml of 0.3% H 2 O 2 , and 25 ml solution of the tested compound (the final concentration: C i (iϭ1-5) ϭ1.0, 2.0, 3.0, 4.0, 5.0 mM). The sample without the tested compound was used as the control. The reaction mixtures were incubated at 37°C for 60 min in a water-bath. Absorbances (A i , A 0 , A c ) at 520 nm were measured. The suppression ratio for HO · was calculated from the following expression:
where A i ϭthe absorbance in the presence of the tested compound; A 0 ϭthe absorbance in the absence of the tested compound; A c ϭthe absorbance in the absence of the tested compound, EDTA-Fe(II), H 2 O 2 .
The data of suppression ratio for OH · are shown in Fig. 10 and Table 2 . The inhibitory effect of the compounds is marked and the average suppression ratio for OH · increases with the increase of the compound concentration. The average suppression ratio of the ligand (IC 50 ϭ4.611 mM) is the poorest in all the compounds and Cu(II) complex (IC 50 ϭ1.155 mM) is the most effective one. In addition, the average suppression ratio of the metal salts is weaker than that of the corresponding complexes. It indicates that because of the formation of coordination compounds, the scavenger effect can be enhanced. Moreover, mannitol is a well known natural antioxidant, so the scavenging effect of mannitol against hydroxyl radical is also studied by using the same method. As shown in Table 2 , the 50% inhibition concentration value of mannitol is 10.7 mM, which is more than that of the ligand and complexes. They are potential drugs for some diseases. x was log of the tested compound concentration and y was percent inhibition of the tested compounds. When the percent inhibition of the tested compounds was 50%, the tested compound concentration was IC 50 . R 2 ϭcorrelation coefficient. 
Conclusion
Taken together, the ligand and its three transition metal complexes have been synthesized and characterized by several methods. The interaction of the ligand and complexes with CT DNA was investigated by absorption, fluorescence and viscosity measurements. K b shows that complex 1 (3.3ϫ ). In addition, the compounds have active scavenging effect on O 2 Ϫ· and OH · . Information obtained from present work will be useful to understand the mechanism of complexes with CT DNA and helpful in the development of potential biological and physiological appliance in the future.
